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Abstract:	   Transparent	   oxide	   materials,	   such	   as	   CuAlO2,	   a	   p-­‐type	   transparent	  conducting	   oxide	   (TCO),	   have	   recently	   been	   studied	   for	   high	   temperature	  thermoelectric	   power	   generators	   and	   coolers	   for	   waste	   heat.	   TCO	   materials	   are	  generally	  low	  cost	  and	  non-­‐toxic.	  The	  potential	  to	  engineer	  them	  through	  strain	  and	  nano-­‐structuring	   are	   two	   promising	   avenues	   toward	   continuously	   tuning	   the	  electronic	   and	   thermal	  properties	   to	   achieve	  high	   zT	  values	   and	   low	  $cost/kW-­‐hr	  devices.	  In	  this	  work,	  the	  strain-­‐dependent	  lattice	  thermal	  conductivity	  of	  2H	  CuAlO2	  is	  computed	  by	  solving	  the	  phonon	  Boltzmann	  transport	  equation	  with	  interatomic	  force	  constants	  extracted	  from	  first-­‐principles	  calculations.	  While	  the	  average	  bulk	  thermal	   conductivity	   is	   around	   32	   W/(K-­‐m)	   at	   room	   temperature,	   it	   drops	   to	  between	  5-­‐15	  W/(K-­‐m)	   for	   typical	  experimental	  grain	  sizes	   from	  3nm	  to	  30nm	  at	  room	   temperature.	   We	   find	   that	   strain	   can	   offer	   both	   an	   increase	   as	   well	   as	   a	  decrease	   in	  the	  thermal	  conductivity	  as	  expected,	  however	  the	  overall	   inclusion	  of	  small	  grain	  sizes	  dictates	  the	  potential	  for	  low	  thermal	  conductivity	  in	  this	  material.	  	  	  
I.	  Introduction	  	  
	  Thermoelectric	   (TE)	   devices	   and	   materials	   are	   appealing	   for	   use	   in	   solid-­‐state	  energy	   generation	   and	   solid-­‐state	   cooling.	   Regardless	   of	   their	   operating	   mode,	   a	  good	  thermoelectric	  material	  should	  have	  a	  high	  electrical	  conductivity	  (σ),	  Seebeck	  coefficient	  (S),	  and	  a	  low	  lattice	  thermal	  conductivity	  (κL)	  given	  in	  the	  figure	  of	  merit	  [1]	  	  	  	  	  
	  	   zT  = σ S 2Tκ L +κ e .	   	   	   	   	   	   	   	   	   	   (1)	  	  However	   robust	   and	   reliable	   as	   TE	   devices	   could	   potentially	   be,	   they	   have	   been	  limited	  by	   low	  conversion	  efficiencies	   since	   the	  beginning	   [2]–[6].	  The	  gains	   in	  zT	  have	   been	   primarily	   driven	   by	   a	   reduction	   in	   the	   lattice	   thermal	   conductivity	   of	  materials	   and	   devices	   through	   the	   use	   of	   nano-­‐structuring	   [7]–[13]	   and	   the	  development	  of	  novel	  thermoelectric	  materials	  with	  the	  ability	  to	  take	  advantage	  of	  a	   wide	   range	   of	   operating	   temperatures	   [14]–[17]	   with	   inherently	   low	   thermal	  conductivity.	   	   These	   advances	   have	   not	   translated	   into	   working	   devices	   [18]	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however,	  due	  to	  many	   issues,	  one	  of	  which	  being	  material	  and	  fabrication	  cost.	  As	  we	   approach	   the	   lower	   limit	   of	   the	   lattice	   thermal	   conductivity	   for	   complex	   TE	  materials	  the	  applicability	  of	  the	  field	  of	  thermoelectrics	  remains	  in	  question	  due	  to	  the	  cost	  and	  efficiency	  of	  working	  devices.	  	  	  A	   previous	   work	   [19]	   looked	   at	   transparent	   conducting	   oxides	   (TCOs),	   and	  specifically	  2H-­‐phase	  CuAlO2,	  which	  has	  gained	  interest	  as	  a	  promising	  candidate	  for	  high	   temperature	  p-­‐type	   thermoelectric	  applications	   [20]–[23]	   [24],	  because	  of	   its	  potential	  use	  in	  high	  temperature	  applications,	  due	  to	  a	  large	  band	  gap,	  high	  thermal	  stability,	   oxidation	   resistance,	   and	   low	   material	   costs	   [20],	   [21],	   [25]–[34].	   Some	  experimental	  and	  theoretical	  studies	  [19],	  [20],	  [24],	  [35]–[37],	  have	  been	  done	  on	  the	  thermoelectric	  (TE)	  properties	  of	   the	  2H	  phase	  of	   this	  material,	  however	  none	  have	  looked	  at	  the	  thermal	  conductivity	  using	  rigorous	  first	  principles	  simulations.	  Under	  specific	  cases	  of	  strain,	  n-­‐type	  conduction	  can	  produce	  higher	  power	  factors	  than	   their	   p-­‐type	   counterparts	   providing	   an	   interesting	   avenue	   for	   strain	  engineering	  to	  produce	  both	  n	  and	  p	  type	  legs	  from	  the	  same	  material	  [19].	  Strain	  may	   be	   beneficial	   for	   the	   electronic	   component	   of	   zT,	   but	   its	   effect	   on	   the	   lattice	  thermal	  conductivity	  must	  also	  be	  ascertained.	  	  That	  is	  the	  objective	  of	  this	  work.	  	  	  In	  practice,	  defects	  are	  introduced	  into	  the	  lattice	  itself	  as	  point	  defects	  or	  as	  grains	  in	   micro-­‐structured	   thermoelectric	   materials	   to	   aid	   in	   suppressing	   thermal	  conductivities.	  The	  creation	  of	  grain	  boundaries	  through	  the	  use	  of	  nano-­‐structuring	  is	  one	  of	  the	  most	  promising	  and	  widely	  used	  strategies	  to	  improve	  zT	  [38].	  In	  this	  work,	  a	  variety	  of	  nanometer	  grains	  sizes	  will	  be	  simulated,	  that	  are	  consistent	  with	  the	   small	   nano-­‐scale	   size	   limit	   (SNS)	   [39],	   [40],	   giving	   rise	   to	   grain	   boundary	  scattering	  [41]	  of	  nano-­‐structured	  TE	  materials.	  We	  show	  in	  this	  work	  an	  ab	  initio	  assessment	   of	   lattice	   thermal	   conductivity	   in	   2H	   CuAlO2,	   including	   third-­‐order	  anharmonic	   scattering,	   natural	   isotopic	   scattering,	   and	   Casimir	   finite-­‐sized	  boundary	   scattering,	   which	   takes	   into	   account	   the	   spectral	   decomposition	   of	  phonon	   wave	   vectors	   at	   the	   grain	   boundary.	   We	   find	   that	   the	   low	   thermal	  conductivity	   seen	   experimentally	   [42],	   [43]	   is	  most	   likely	   due	   to	  micro	   and	  nano-­‐structured	   effects	   due	   to	   grain	   boundary	   scattering	   of	   phonons.	   Casimir	   grain	  boundary	   scattering	   reduces	   the	   thermal	   conductivity	   by	   as	   much	   an	   order	   of	  magnitude,	   with	   crystalline	   anisotropy	   (due	   to	   the	   hexagonal	   structure)	   further	  reducing	   κ L .	  	  Isotopic	  scattering	  has	  a	  limited	  effect	  (especially	  for	  small	  grain	  sizes)	  due	   to	   the	   constituent	   atoms	   being	   on	   the	   smaller	   end	   of	   the	   periodic	   table,	  (typically	  isotopic	  scattering	  plays	  a	  larger	  role	  when	  large	  mass	  atoms	  are	  involved	  or	  at	  low	  temperatures	  [44]).	  	  	  	  In	   this	  work	  under	   a	   variety	   of	   strains	   are	   applied	   and	   their	   effects	   on	   the	   lattice	  thermal	   conductivity	   will	   be	   discussed,	   as	   well	   as	   the	   variations	   of	   the	   lattice	  thermal	   conductivity	   for	   a	  wide	   range	   of	   temperatures.	   There	   are	   five	   sections	   in	  this	   paper,	   I)	   introduction,	   II)	   atomic	   structure	   and	   methodology,	   III)	   unstrained	  lattice	  thermal	  conductivity,	  IV)	  strained	  lattice	  thermal	  conductivity	  and	  finally,	  V)	  conclusions.	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II.	  Methodology	  and	  Simulation	  details	  
	  
A.	  Atomic	  structure	  	  CuAlO2	   crystallizes	   in	   two	   distinct	   phases,	   3R	   and	   2H,	   both	   having	   a	   delafossite	  structure	   with	   the	   rhombohedral	   (3R)	   and	   hexagonal	   (2H)	   phases	   occurring	   at	  atmospheric	  pressures	  [45].	  In	  Fig.	  1(a),	  the	  2H	  phase	  structure,	  with	  a	  space	  group	  of	   P63/mmc	   (no.	   194),	   is	   shown	  with	   the	   crystallographic	   directions	   “x,	   y,	   and	   z”.	  Figure	  1(b)	  shows	  the	  high	  symmetry	  k-­‐points	  of	  the	  first	  Brillouin	  zone,	  which	  are	  used	  for	  plotting	  the	  phonon	  band	  structures.	  	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  a)	   	   	   	   b)	  Figure	  1.	  	  (a)	  Relaxed	  conventional	  supercell	  of	  2H-­‐phase	  CuAlO2.	  	  (b)	  First	  Brillouin	  zone	  with	  the	  high	  symmetry	  points	  used	  for	  the	  dispersion	  paths	  shown	  in	  Fig.	  2.	  	  A	   phonon	   can	   be	   defined	   as	   a	   quantum	   of	   lattice	   vibrations,	   described	   by	   the	  quantum	   number	   ( ),= qvλ ,	   where	   v	   denotes	   the	   branch	   index	   and	   q	   denotes	   the	  wave	   vector	   of	   a	   particular	   phonon	   mode.	   A	   phonon	   can	   be	   scattered	   through	  interaction	   with	   other	   phonons,	   electrons,	   impurities,	   grains,	   etc.	   The	   overall	  scattering	   rate	   of	   a	   phonon	  mode	   can	   be	   estimated	   by	  Matthiessen’s	   rule	   [46]	   as	  
 Γλ = Γλ
pp + Γλ
pe + Γλ
gb + Γλ
im... 	  that	   includes	   phonon-­‐phonon	   (p-­‐p)	   scattering,	   phonon-­‐electron	   (p-­‐e)	   scattering,	   grain	   boundary	   (gb)	   scattering,	   phonon-­‐impurity	  (isotopic)	  scattering,	  respectively.	  Due	  to	  the	  low	  electrical	  conductivity	  as	  noted	  in	  [19],	  [25],	  [42],	  the	  phonon-­‐electron	  scattering	  term,	   Γλpe ,	  is	  neglected	  here.	  Isotopic	  scattering	   was	   included	   in	   some	   simulations,	   however	   the	   results	   show	   that	   the	  effect	   is	   negligible,	   especially	   when	   grain	   sizes	   are	   small.	   	   Only	   Γλpp ,  and Γλgb will	   be	  calculated	  from	  first	  principles	  in	  this	  work.	  	  	  The	   current	   calculation	   includes	   three-­‐phonon	   scattering	   only,	  while	   four-­‐phonon	  scattering	   was	   shown	   to	   be	   important	   for	   certain	   materials	   [47],	   [48].	   Further	  studies	   of	   this	   material	   warrant	   the	   inclusion	   of	   four-­‐phonon	   processes	   since	  present	   applications	   of	   CuAlO2	   are	   for	   high	   temperatures,	   where	   four-­‐phonon	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scattering	  can	  be	  relevant	  [49].	  The	  p-­‐p	  scattering	  contribution	  from	  three-­‐phonon	  processes	  to	   Γλpp 	  is	  given	  by	  Fermi’s	  golden	  rule	  as	  [50],	  [51]	  ,	  	  
 
Γλ
pp = !π
4N
2 n1 − n2( )
ωω1ω 2
Vλλ1λ2
+
2
δ ω +ω1 −ω 2( )
λ1λ2
+
∑
+ !π
8N
n1 + n2 +1( )
ωω1ω 2
Vλλ1λ2
−
2
δ ω −ω1 −ω 2( ),
λ1λ2
+
∑
	  	   	   	   	   	   	   (2)	  
	  where	  the	  first	  term	  is	  the	  combination	  of	  two	  phonons	  with	  possibly	  different	  wave	  vectors	  to	  produce	  one	  phonon.	  The	  second	  term	  is	  for	  the	  opposite	  process	  of	  one	  phonon	  splitting	  into	  two,	  i.e.	  phonon	  emission,	  with	   ! 	  being	  Planck’s	  constant,	  ni	  is	  the	  Bose-­‐Einstein	  distribution,	  and	  ω 	  is	  the	  phonon	  frequency.	  The	  summation	  runs	  over	   all	   phonon	  modes	   and	  wave	   vectors	   and	   requires	   conservation	   of	   the	   quasi-­‐momentum	   q2 = q ± q1 +Q 	  in	   which	   Q	   is	   the	   reciprocal	   lattice	   vector	   with	   Q	   =	   0	  constituting	   a	   normal	   process	   and	   Q ≠ 0 	  being	   an	   Umklapp	   processes.	   N	   is	   the	  number	   of	   discrete	   q-­‐points	   of	   the	   Γ -­‐centered	   q-­‐grid	   for	   sampling,δ 	  is	   the	   Dirac	  delta	  function,	  which	  is	  approximated	  by	  a	  Gaussian	  function	  in	  the	  computational	  package	  QUANTUM	  ESPRESSO	  (QE)	  [52],	  [53]	  (which	  is	  the	  computational	  package	  used	  in	  this	  work).	  The	  scattering	  matrix	  elements
 
Vλλ1λ2
± 	  [50],	  [53],	  [54]	  are	  given	  by,	  	  
 
Vλλ1λ2
± = ∂
3 E
∂rl1
η1 ∂rl2
η2 ∂rl3
η3
eλ
η1 l1( )ej1,±q1η2 l2( )ej2 ,−q2η3 l3( )
ml1ml2 ml3
,
η1η2η3
3,3,3
∑
l2 ,l3
N ,N
∑
l1
NB
∑ 	  	   	   	  	   	   	   (3)	  	  where	   mli	   is	   the	   atomic	   mass	   and	   ev ,q is	   a	   normalized	   eigenvector	   of	   the	   mode	  
 
λ = v,q( ) .	   	   In	   Eq.	   (3)	   l1 ,	   l3 ,	   and	   l3 	  run	   over	   all	   atomic	   indices	   (with l3only	   summing	  over	   the	   atoms	   in	   the	   center	   unit	   cell,	  which	   contains	  NB	   basis	   atoms),	   and	   η1 ,	   η2 ,	  and	   η3 	  represent	  Cartesian	  coordinates.	  The	  3rd	  order	  anharmonic	  interatomic	  force	  constants	  (IFCs)	  are	  the	  third-­‐order	  partial	  derivatives,	  which	  are	  obtained	  from	  the	  D3Q-­‐Thermal2	  package	  interfaced	  to	  QE	  [53],	  [54].	  The	  energy	  E	  is	  the	  total	  energy	  of	   the	  entire	  system	  with	  
 
rl1
η1 	  designating	   the η1 component	  of	   the	  displacement	  of	  a	  particular	   atom	   l1 .	   We	   also	   obtain	   the	   second	   order	   force	   constants	   by	   Fourier	  transforming	  dynamical	  matrices	   in	   the	  reciprocal	  momentum	  space	  gleaned	   from	  linear	  response	  theory	  implemented	  in	  QE	  [53].	  	  	  The	  lattice	  thermal	  conductivity	  tensor	  can	  then	  be	  calculated	  as	  	  
 
κ L,αβ =
1
kBT
2 !ωλ( )2 nλ nλ +1( )υλ ,αυλ ,βτ λ ,
λ
∑ 	  	   	   	   	   	   	   (4)	  
 
1
τ λ
= 1
τ λ ,pp
+ 1
τ λ ,gb
,	  	   	   	   	   	   	   	   	   	   (5)	  
	   5	  
	  with	   Matthiessen’s	   rule	   being	   applied	   to	   the	   scattering	   lifetimes	   of	   individual	  phonon	  modes	  separately	  [55].	  	  
	  
B.	  Grain	  boundaries	  The	   phase	   or	   polytype	   transition	   of	   this	   material	   from	   the	   trigonal	   3R	   to	   the	  hexagonal	  2H	  phase	  can	  happen	  at	  15.4	  Gpa	  [37],	  with	  the	  3R	  phase	  being	  studied	  more	  due	  to	  its	  better	  structural	  stability.	  	  It	  has	  been	  shown	  elsewhere	  that	  treating	  grain	  boundaries	  as	  a	  secondary	  phase	  of	  a	  material	   can	  help	  explain	  much	  of	   the	  transport	   behavior	   observed	   in	   polycrystalline	   samples	   [56].	   At	   grain/phase	  boundaries	   that	   are	   comparable	   to	   grain	   size,	   a	   significant	   amount	   of	   heat	   is	  transported	   through	   the	   interface	   by	   phonons	   [56],	   therefore	   studying	   the	   high	  pressure	  2H	  phase	  of	  CuAlO2	  can	  help	  elucidate	  phonon	  transport	   in	  nano-­‐grained	  structures	  of	  the	  3R	  phase	  as	  well.	  	  	  The	  grain	  boundary	  scattering	  term	  is	  the	  only	  term	  that	  depends	  on	  the	  direction	  of	  the	   phonon	   group	   velocity	   explicitly,	   which	   can	   generally	   be	   expressed	   as	   the	  frequency	  independent	  equation	  [57],	  	  
 
τ λ ,gb =
Lη
2υλ ,η
, 	   	   	   	   	   	   	   	   	   	   	  (6)	  	  where	  
 
Lη 	  is	   the	   distance	   between	   the	   two	   boundaries	   in	   one	   of	   three	   Cartesian	  directions.	   However	   due	   to	   the	   omnidirectional	   grains	   and	   the	   variety	   of	  temperature	   ranges	   used,	   a	   model	   from	   [58]	   is	   assumed	   in	   this	   study,	   	   which	  assumes	  a	  grain	  boundary	  acts	  as	  a	  diffraction	  grating,	  producing	  diffraction	  spectra	  of	   various	   orders.	   	   Multiple	   values	   of
 
Lη are	   used	   in	   this	   work	   and	   are	   shown	   in	  Section	  III.	  In	  all	  calculations,	  including	  Casimir	  scattering,	  we	  assume	  the	  correction	  factor	  [53]	  [59],	  [60]	  to	  be	  F	  =1,	  which	  takes	  into	  account	  the	  shape	  and	  roughness	  of	  each	  grain	  boundary	  to	  be	  diffusive.	  	  	  	  It	   has	   been	   shown	   in	   previous	   work	   the	   commonly	   used	   frequency-­‐independent	  boundary	   scattering	   (grey	  model	  or	   the	   simple	  Casimir	  model,	  not	   to	  be	   confused	  with	  the	  Casimir	  model	  used	  in	  this	  work	  [58])	  can	  better	   fit	   thermal	  conductivity	  experimental	   data	   if	   it	   is	   replaced	   by	   a	   frequency-­‐dependent	   phonon	   scattering	  model	  due	  to	  dislocation	  strain	  in	  grain	  boundaries	  [61].	  This	  difference	  manifests	  itself	  most	  notably	  at	   low	  temperatures	  with	  the	  frequency-­‐independent	  boundary	  scattering	   going	   as	   the	   normal	   ∼ T 3 	  Debye	   law,	  which	   deviates	   from	   experimental	  thermal	   conductivity	   of	   polycrystalline	   silicon	   which	   goes	   as	    ∼ T 2 	  at	   low	  temperatures	   [62].	   	   In	   this	   work	   however,	   the	   temperature	   range	   of	   interest	   is	  primarily	  >300K,	  thus	  these	  discrepancies	  are	  not	  considered	  here,	  and	  will	  be	  left	  for	   future	   work	   on	   this	   material	   and	   its	   experimental	   low	   temperature	   thermal	  conductivity	  behavior.	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C.	  Simulation	  details	  The	   thermal	   conductivity,	   q–dependent	   linewidths,	   including	   Casimir	   and	   natural	  isotopic-­‐disorder	   scattering,	   are	   calculated	   using	   the	   D3Q-­‐Thermal2	   codes	   [53],	  [54].	  We	  use	  a	  generalized-­‐gradient	  approximation	  (GGA)	  Perdew-­‐Burke-­‐Ernzerhof	  (PBE)	   scheme	   [63]	   for	   electron-­‐electron	   interaction,	   and	   ONCV	   	   norm-­‐conserving	  pseudopotentials	  [64]	  for	  the	  electron-­‐ion	  interaction.	  GGA	  considers	  the	  gradient	  of	  the	   charge	  density	   at	   each	  position	  when	   the	   atom	  position	   is	   perturbed,	   and	  has	  been	  shown	  to	  work	  better	  for	  materials	  with	  abrupt	  charge	  density	  changes	  such	  as	  in	   semiconductors,	   whereas	   the	   Local	   Density	   Approximation	   (LDA)	   is	   more	  applicable	  to	  metallic	  systems	  [65].	  	  	  The	   plane-­‐wave	   energy	   cut-­‐offs	   and	   force	   thresholds	   for	   the	   variety	   of	   strain	   and	  unstrained	   cases	   were	   varied	   based	   on	   finding	   well-­‐relaxed	   structures	   with	   the	  absence	   of	   negative	   phonon	   frequencies	   and	   are	   provided	   in	   section	   one	   of	   the	  supplementary	   material	   (SM).	   The	   hexagonal	   symmetry	   was	   enforced	   during	   the	  geometry	  optimization.	  Strained	  structures	  were	  relaxed	  after	  artificially	  changing	  the	   lattice	   constant	   in	   a	   particular	   direction	   of	   strain.	   The	   k–point	   grids	   used	   for	  structural	  relaxation	  and	  optimization	  were	  16	  x	  16	  x	  16	  while	  the	  q-­‐point	  grids	  for	  phonon	   dynamical-­‐matrix	   calculations	  were	   set	   to	   4	   x	   4	   x	   4.	   	   For	   the	   third-­‐order	  force	  constants	  a	  grid	  of	  2	  x	  2	  x	  2	  was	  used,	  and	  a	  10	  x	  10	  x	  10	  grid	  was	  used	  for	  the	  lattice	   thermal	   conductivity	   calculation.	   In	   calculating	   the	   lattice	   thermal	  conductivity,	  a	  Gaussian	  smearing	  of	  5	  cm-­‐1	  was	  used.	   	  This	  value,	  along	  with	  tests	  on	  k/q-­‐grids,	  and	  energy	  cut-­‐offs,	  have	  been	  checked	  w.r.t	  the	  phonon	  frequencies	  at	  the	   Γ 	  point	  and	  suggest	  that	  the	  average	  lattice	  thermal	  conductivity	  value	  is	  stable	  to	  within	  ten	  percent.	  Calculations	  on	  the	  convergence	  of	   these	  parameters	  can	  be	  found	  in	  section	  two	  of	  the	  SM.	  	  
D.	  Anisotropy	  and	  Convergence	  	  In	  this	  work,	  due	  to	  the	  “mis”-­‐orientation	  of	  grains	  in	  experimental	  samples	  [42],	  the	  uncertainty	  in	  the	  heat	  and	  electronic	  directed	  transport	  intended,	  the	  bulk	  nature	  of	   the	   intended	   material,	   and	   the	   “relative”	   isotropy	   in	   the	   lattice	   thermal	  conductivity	  tensor,	  the	  lattice	  thermal	  conductivity	  is	  assumed	  to	  be	  
 
κ L = κ i
i=1
3
∑ / 3 ,	  i.e.	  an	   average	   over	   the	   x,	   y,	   and	   z	   directions.	   For	   the	   lattice	   thermal	   conductivity	  calculation,	   the	   "exact"	   iterative	   conjugate-­‐gradient	   solution	   (CGS)	  method	  of	   [53]	  which	   attempts	   to	   solve	   the	   linearized	   BTE	   exactly,	   was	   compared	   to	   the	   single	  mode	   relaxation	   time	   approximation	   (SMRTA)	   [53],	   [66]–[69].	   The	   SMRTA	   is	  considered	   to	   be	   inadequate	   to	   describe	   thermal	   conductivity	   at	   low	   temperature	  ranges,	   with	   increased	   sensitivity	   to	   isotopic	   scattering	   at	   these	   low	  temperatures[50],	   [70]	   i.e.	   T	   <	   300	   K.	   However	   for	   our	   purposes	   here,	   the	  temperature	  range	  of	  interest	  are	  generally	  greater	  than	  300	  K,	  even	  though	  results	  will	  be	  shown	  for	  temperatures	  less	  than	  this,	  the	  SMRTA	  gives	  results	  above	  300	  K	  for	  the	  average	  thermal	  conductivity	  “consistent”	  with	  the	  CGS.	  For	  structures	  with	  no	   grain	   scattering	   assumed,	   the	   lattice	   thermal	   conductivity	   for	   the	   x	   and	   y	  directions	   are	   consistent	  within	  1-­‐5%	   for	   the	   SMRTA	  compared	   to	   the	  CGS	   for	   all	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temperatures	   considered.	   	   However,	   the	   lattice	   thermal	   conductivity	   for	   the	   z	  direction	  shows	  a	  large	  deviation	  for	  T	  >	  300	  K	  for	  the	  SMRTA	  compared	  to	  the	  CGS,	  with	  the	  SMRTA	  model	  underestimating	  the	  z	  directed	  lattice	  thermal	  conductivity	  by	   around	   40-­‐50%	   for	   these	   temperatures.	   The	   results	   of	   the	   direction	   resolved	  thermal	   conductivity	   are	   shown	   in	   section	   two	   of	   the	   SM.	   	   Even	   with	   this	   large	  deviation,	  the	  average	  lattice	  thermal	  conductivity	  found	  by	  averaging	  the	  x,	  y,	  and	  z	  directions	  deviates	  only	  around	  10%	  from	  the	  SMRTA	  to	  the	  CGS	  for	  T	  >	  300	  K.	  Due	  to	  the	  considerations	  mentioned	  at	  the	  beginning	  of	  this	  section,	  and,	  as	  we	  will	  see	  later,	   that	   deviations	   are	   significantly	   reduced	   when	   small	   grain	   boundaries	   are	  introduced	  into	  the	  structures,	  the	  average	  thermal	  conductivity	  using	  the	  SMRTA	  is	  used	  throughout	  this	  work.	  	  	  	  	  	  	  	  	  
III.	  Unstrained	  Thermal	  conductivity	  	  
	  The	   lattice	   constants	   in	   the	  hexagonal	   relaxed	   structure	  were	   found	   to	  be	   a	  =	  b	  =	  2.8798  Å and	   c	   =	   11.4077  Å ,	   which	   agree	   well	   with	   experimental	   [71]	   and	  theoretical	  [35],	  [71]	  results.	  	  
	   	  Figure	   2.	   Calculated	   phonon	   dispersion	   relation	   and	   density	   of	   states	   of	   the	   2H	  phase	  of	  CuAlO2	  for	  unstrained	  (solid	  blue)	  and	  +3%	  strain	  (dotted	  red).	  	  Figure	   2	   shows	   the	   phonon	   band	   dispersion	   for	   2H	   CuAlO2	   for	   the	   unstrained	  structure	   (and	  +3%	  strain	   for	  comparison)	  used	   throughout	   this	   section.	  With	   the	  hexagonal	   structure	   of	   this	   material,	   one	   notices	   the	   large	   amount	   of	   bands	  especially	   around	   the	   low	   frequency	   of	   100	   cm-­‐1.	   Boundary	   or	   grain	   scattering	  generally	  scatter	   low	  frequency	  phonons,	  as	  opposed	  to	  Umklapp	  and	  point	  defect	  mechanisms	  which	  scatter	  at	  all	  frequencies	  and	  high	  frequencies	  respectively	  [61].	  	  We	  will	  see	  that	  these	   low	  frequency	  modes	  in	  2H	  CuAlO2	  get	  effectively	  scattered	  when	   grain	   boundaries	   are	   introduced.	   A	   plot	   of	   the	   phonon	   linewidths	  superimposed	  on	  the	  band	  structure	  can	  be	  found	  in	  section	  two	  of	  the	  SM.	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a)	   b)	   	  Figure	  3.	  (a)	  Comparison	  between	  the	  thermal	  conductivity	  of	  the	  material	  without	  grains,	  along	  with	  grain	  sizes	  of	  3nm,	  30nm,	  300nm,	  3000nm,	  and	  30000nm	  vs.	  temperature.	  	  (b)	  Scattering	  linewidth	  vs.	  frequency	  for	  the	  structure	  with	  no	  grains	  (blue	  dots)	  and	  the	  structure	  with	  grains	  of	  3nm	  (red	  dots).	  	  The	   structures	   in	   Fig.	   3(a)	   show	   a	   ∼ T −1 	  behavior	   above	   the	   Debye	   temperature,	  consistent	  with	  the	  Dulong-­‐Petit	  law,	  with	  the	  thermal	  conductivity	  being	  governed	  by	  the	  MFP	  in	  this	  region.	  With	  the	  finite	  size	  of	  the	  crystal	  being	  accounted	  for,	   κ L 	  becomes	   finite	   at	   zero	   K	   and	   decreases	   for	   grains	   larger	   than	   3000nm	   as	  temperature	  increases.	  However,	  for	  structures	  with	  grains	  of	  300nm	  and	  less,	  the	  lattice thermal	   conductivity	   begins	   to	   increase	   from	   0K	   before	   then	   decreasing	  around	  the	  Debye	  temperature,	  and	  continuing	  to	  do	  so	  at	  higher	  temperatures.	  	  As	  was	   mentioned	   earlier,	   the	   difference	   between	   the	    ∼ T 3 	  Debye	   law	   for	   low	  temperature	  phonons	  due	  to	  boundary	  scattering	  with	  the	  dislocation	  strain	  model,	  
 ∼ T 2 ,	  won’t	  be	  resolved	  in	  this	  work.	  	  This	  can	  be	  interpreted	  as	  a	  dominating	  effect	  of	  the	  grain	  boundaries	  over	  intrinsic	  phonon	  scattering	  [72]	  (i.e.	  the	  intrinsic	  mean	  free	  path,	  
 
lmfp =
!vτ λ 	  is	  very	  large	  at	  low	  temperatures	  and	   is	   limited	  by	   the	  crystal	   size).	   	  The	  same	  (albeit	  difficult	   to	  see)	  effect	   can	   be	   observed	   in	   Fig.	   3(b)	   at	   300	   K.	   	   Even	   though	   the	   linewidths	   have	  greater	   values	   for	   some	   of	   the	   higher	   frequency	   modes,	   the	   lower	   frequency	  linewidths	   for	   the	  3nm	  grain	   case	   are	   consistently	   larger	   in	   comparison	   to	   the	  no	  grain	   structure	   (blue	   dots)	   at	   these	   low	   frequencies	   compared	   to	   the	   discrepancy	  between	  the	  two	  structures	  for	  higher	  frequencies.	  These	  low	  frequency	  bands	  are	  generally	   affected	  more	   by	   Casimir	   scattering,	  with	   both	   anharmonic	   and	   Casimir	  scattering	   being	   significant	   along	   the	   shearing	   transverse-­‐acoustic	   mode	   around	  100	  cm-­‐1,	  as	  can	  be	  seen	  in	  Fig.	  1	  around	  the	   Γ 	  point.	  	  	  	  	  	  	  	  	  This	   same	   effect	   can	   be	   seen	   in	   the	   accumulation	   functions	   [68]	   in	   Fig.	   4(a)	   (no	  grains)	  and	  Fig.	  4(b)	  (3nm	  grains)	  as	  well	  with	  lower	  temperatures	  being	  governed	  by	   larger	  MFPs	   for	  both	   the	  structure	  without	  grains	  Fig.	  4(a)	  and	   for	  3nm	  grains	  Fig.	  4(b).	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a)	   b)	   	  Figure	  4.	  (a)	  The	  accumulation	  function	  of	  the	  thermal	  conductivity	  for	  a	  structure	  with	  no	  grains	  for	  a	  variety	  of	  temperatures.	  The	  inset	  is	  the	  thermal	  conductivity	  normalized	  to	  1.	  	  (b)	  The	  same	  set	  of	  plots	  but	  for	  a	  structure	  that	  includes	  3nm	  grains.	  Please	  note	  the	  different	  values	  on	  the	  x-­‐axis.	  	  	  
	  In	   comparing	   with	   experiment	   at	   300	   K,	   values	   of	   the	   total	   thermal	   conductivity	  agree	  well	  with	  reported	  values	  for	  “micro”	  grained	  structures	  [43]	  of	  20-­‐30	  W/mK,	  with	  our	  results	  25-­‐32	  W/mK	  being	  reasonable.	   	  For	  “nano”	  structured	  samples	  in	  [43],	  around	  2	  W/mK	  was	  found	  compared	  to	  our	  results	  of	  4.4	  W/mK	  .	  	  If	  isotopic	  scattering	   is	   included	  with	   natural	   isotopes	   assumed,	   our	   thermal	   conductivity	   is	  only	   reduced	   to	   around	   3.8	   W/mK,	   making	   the	   isotopic	   scattering	   contribution	  negligible.	   Further	   results	   were	   obtained	   from	   [42]	   with	   thermal	   conductivities	  found	   to	   be	   around	   2.5	   W/mK	   at	   300K.	   	   The	   grain	   size	   observed	   in	   [42]	   was	  experimentally	   found	   to	  be	  0.247	  nm.	  Though	  not	   included	   in	   the	  above	   figures,	  a	  grain	   size	   of	   0.3nm	   in	   our	   simulations	   gives	   a	   thermal	   conductivity	   of	   around	  0.5	  W/mK	   at	   300	   K.	   	   The	   trend	   seen	   in	   Fig.	   3(a)	   however	   for	   the	   3nm	   structure	   is	  consistent	  with	   the	   thermal	   conductivity	   seen	   in	   [42],	  which	   is	   relatively	   constant	  over	  a	  large	  temperature	  range	  from	  300K-­‐800K.	  
	  
IV.	  Thermal	  Conductivity	  with	  Strain	  
	  
A.	  Hydrostatic	  strain	  To	  simulate	  hydrostatic	  strain	  (equal	  strains	  in	  all	  directions),	  we	  took	  the	  relaxed	  structure	  and	  applied	   isotropic	  strain	   to	   the	  cell	  parameters	  by	   ± 1,	   ± 2,	  and	   ± 3%.	  	  The	   atomic	   positions	   were	   then	   allowed	   to	   relax	   keeping	   the	   volume	   of	   the	   cell	  constant.	   Imparting	   confidence	   in	   this	   particular	   methodology,	   the	   lattice	  parameters	  under	  these	  hydrostatic	  strains	  are	  found	  to	  be	  consistent	  with	  theory	  and	  experimental	  values	  [73],	  [74].	  	  	  Figure	   5(a)	   is	   a	   plot	   of	   the	   thermal	   conductivity	   vs.	   strain	   for	   both	   a	   structure	  without	  grains	  (blue	  circles)	  and	  for	  one	  with	  3	  nm	  grains	  (red	  stars).	  We	  can	  see	  from	   Fig.	   5(b)	   that	   the	   +3%	   strained	   structure	  without	   grains	   has	   a	  much	   higher	  scattering	   linewidth,	  with	  values	  being	   shifted	   lower	   in	   frequency,	   and	  conversely	  for	   the	   -­‐3%	   strain,	   the	   linewidths	   are	   lower	   and	   shifted	   higher	   in	   frequency.	   	  We	  remind	  the	  reader	  that	  -­‐3%	  constitutes	  compressive	  strain.	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a) b)	   	  Figure	   5.	   	   (a)	   Lattice	   thermal	   conductivity	   vs.	   strain	   for	   both	   a	   structure	  without	  grains	   (blue	   circles)	   and	   for	   one	   with	   3	   nm	   grains	   (red	   stars).	   (b)	   Linewidth	   vs.	  frequency	  for	  structures	  with	  no	  grains	  with	  the	  unstrained	  case	  as	  blue	  dots,	  -­‐3%	  strain	  shown	  as	  red	  dots,	  and	  +3%	  shown	  with	  green	  dots.	  	  	  	  Figure	   5.5(b)	   explains	   Fig.	   5.5(a),	   with	   the	   large	   linewidths	   corresponding	   to	   a	  shorter	   lifetime,	   yielding	    κ L for	   a	   structure	   with	   no	   grains	   with	   +3%	   strain	  comparable	   to	   that	   of	   a	   structure	   with	   3nm	   grains	   at	   +3%	   strain	   (4	   W/mK	  compared	   to	   2	  W/mK).	   	   The	   κ L 	  at	   +3%	   strain	   without	   grains	   at	   300K	   is	   about	   4	  W/mK	   compared	   to	   the	   unstrained	   case	   at	   300	   K	   of	   32	  W/mK.	   The	   reduction	   in	  lattice	   thermal	   conductivity	   in	  Fig.	  5.5(a)	   from	   the	   -­‐3%	  strained	   to	   the	  unstrained	  case	  of	  55%	  is	  conversely	  consistent	  with	  the	  reduction	  of	  the	  average	  linewidth	  in	  Fig.	  5.5(b)	  of	   ∼50%	  from	  the	  unstrained	  to	  -­‐3%	  case.	  The	  same	  effect	  is	  seen	  from	  the	  unstrained	  to	  +3%	  strain	  cases,	  with	  the	  lattice	  thermal	  conductivity	  reduced	  by	  86%	  in	  Fig.	  5.5(b),	  with	  the	  average	  linewidth	  being	  reduced	  by	  around	   ∼70%	  from	  the	  +3%	  to	  unstrained	  case.	  Even	  though	  these	  trends	  aren’t	  exactly	  one	  to	  one,	  the	  connection	  to	  scattering	  is	  clear.	  The	  trend	  vs.	  strain	  is	  consistent	  with	  compressive	  strain	  shifting	  the	  phonons	  to	  higher	  frequencies	  with	  bands	  becoming	  more	  spread	  out	  in	  energy	  inducing	  longer	  scattering	  times,	  giving	  higher	  thermal	  conductivities.	  The	  +3%	  strained	  phonon	  energy	  dispersion	  bands	  are	   lower	   than	   the	  unstrained	  case	  and	  closer	  together,	  as	  seen	  in	  Fig.	  5.2,	  therefore,	  the	  lower	  frequency	  induces	  stronger	   phonon-­‐phonon	   scattering	   (predominately	   among	  high	   frequency	   optical	  phonons)	  in	  the	  strained	  case,	  as	  seen	  in	  Fig	  5.5(b).	  Structures	  with	  3nm	  grains	  are	  also	  reduced	  by	  the	  inclusion	  of	  strain,	  varying	  from	  around	  6	  W/mK	  to	  2	  W/mK	  in	  a	  similar	  manner.	  	  	  	  What	  is	  more	  interesting	  is	  the	  trend	  observed	  in	  Figs.	  6(a)	  and	  6(b).	  	  Figure	  6(a)	  is	  a	  plot	  of	   κ L 	  vs.	  strain	  for	  a	  wide	  range	  of	  temperatures.	  	  The	  thermal	  conductivity	  in	  Fig.	  6(a)	  decreases	  from	  -­‐3%	  to	  +3%	  just	  as	  before,	  as	  does	   κ L for	  the	  temperature	  trend,	   i.e.	   the	   lowest	   temperature	  has	   the	  highest	   κ L 	  and	  progressively	  downward	  with	  values	   converging	   to	   less	   than	  20	  W/mK	   for	   all	   temperature	   cases.	  However	  Fig.	   6(b),	   which	   is	   a	   plot	   of	   κ Lvs.	   strain	   for	   a	   structure	   with	   3nm	   grains,	   has	   the	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lowest	  thermal	  conductivity	   for	  the	   lowest	  temperature	  curve	  50	  K.	   	  However,	   the	  trend	   is	   not	   entirely	   flipped;	   the	  highest	   κ L 	  is	   not	   the	  highest	   temperature	   at	   -­‐3%	  strain,	  but	  a	  mid	  range	  temperature	  of	  around	  450	  K.	   	  Further	  more	  at	  +3%	  strain	  the	   curves	   begin	   to	   cross	   with	   the	   highest	   κ L around	   2	  W/mK	   for	   300	   K	   and	   the	  lowest	   still	   being	   50	   K	   at	   0.5	   W/mK,	   with	   the	   highest	   temperature	   of	   800	   K	  occupying	  the	  second	  lowest	  value	  of	  slightly	  over	  1	  W/mK.	  	  	  	  	  
a)	   b)	   	  	  Figure	  6.	   	  The	  figures	  above	  show	  plots	  of	  the	  thermal	  conductivity	  vs.	  hydrostatic	  tensile	  strain	  ranging	  from	  -­‐3%	  to	  3%	  with	  a	  variety	  of	  temperatures	  with	  symbols	  in	  the	  figures;	  (a)	  is	  without	  grains	  in	  the	  structure,	  and	  (b)	  has	  3nm	  grains	  included.	  Both	   plots	   have	   the	   same	   symbols	   for	   each	   temperature	   case.	   The	   inset	   in	   (a)	   is	  zoomed	  to	  thermal	  conductivities	  from	  0	  to	  100	  W/mK.	  	  	  As	   was	   mentioned	   before	   in	   the	   methods	   section,	   the	   SMRTA	   is	   generally	   less	  accurate	  for	  lower	  temperature	  ranges	  up	  to	  300	  K,	  with	  a	  general	  reduction	  in	   κ L 	  for	   this	   method	   compared	   to	   the	   conjugate-­‐gradient	   solution	   (CGS)	   method	   [53].	  	  Neglecting	  the	  low	  temperatures,	  we	  see	  that	  for	  temperatures	  from	  around	  300	  K	  and	   above,	   the	    κ L values	   are	   grouped	   closer	   together	   in	   both	   figures,	   more	  noticeably	  in	  Fig.	  6(b)	  ranging	  from	  around	  5.5-­‐6	  W/mK	  for	  -­‐3%	  strain,	  to	  around	  2	  W/mK	   for	   +3%	   strain.	   	   These	   trends	   suggest	   that	   nano-­‐structured	   CuAlO2	   with	  small	  grain	  sizes	  of	  around	  a	  nanometer	  are	  temperature	  independent	  regardless	  of	  the	  hydrostatic	  strain	  applied,	  also	  seen	  in	  Fig.	  3(a),	  further	  clarifying	  the	  constant	  temperature	  curve	  of	  the	  experimental	  data	  in	  [42]	  and	  [43].	  	  	  	  	  	  	  
	  
B.	  Selected	  uni-­‐axial	  strain	  In	  part	  I	  of	  this	  study	  [19],	   it	  was	  found	  that	  +1%	  strain	  in	  the	  z	  direction	  induced	  the	  highest	  power	  factors	  for	  both	  n	  and	  p	  type	  transport	  in	  2H-­‐CuAlO2.	  A	  structure	  with	  +1%	  strain	  in	  the	  z	  direction	  was	  simulated	  for	  both	  a	  crystalline	  (no	  grains)	  as	  well	   as	   for	   a	   structure	   with	   3nm	   grains.	   	   The	   crystalline	   structure	   and	  polycrystalline	   3nm	   grain	   structure	   had	   identical	   temperature	   trends	   to	   that	  observed	  in	  figure	  3(a)	  for	  the	  same	  cases.	  As	  far	  as	  lattice	  thermal	  conductivity	  is	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concerned,	   for	   this	  material	   it	   is	   generally	   unnecessary	   to	   resolve	   uni-­‐	   or	   bi-­‐axial	  strain,	   since	   the	   3nm	   grains	   will	   dominate	   the	   scattering	   and	   the	   results	   are	   the	  same	  as	  above.	  	  The	  large	  reduction	  of	  30	  –	  40%	  in	  lattice	  thermal	  conductivity	  due	  to	  1	  –	  3%	  hydrostatic	  strain	  is	  consistent	  with	  first	  principle	  work	  in	  other	  materials	  [75].	   	  The	   inclusion	  of	  only	  uni-­‐directional	   strain	  has	  a	  much	   smaller	   effect	  of	  1	  –	  10%	  on	  the	  overall	  lattice	  thermal	  conductivity,	  and	  many	  times	  not	  at	  all.	  
	  
Conclusions	  	  
	  	   In	   summary,	  we	  believe	   that	   the	   lattice	   thermal	   conductivity	   and	   therefore	  the	   total	   thermal	   conductivity	  of	  2H	  CuAlO2,	  due	   to	   the	   limited	  electronic	   thermal	  conductivity,	   is	  not	  unnaturally	   small	  because	  of	   its	   inherent	   structure,	  but	   rather	  because	  of	  the	  inclusion	  of	  grain-­‐boundary	  scattering.	  While	  the	  crystalline	  thermal	  conductivity	  is	  around	  32	  W/(K-­‐m)	  at	  room	  temperature,	  it	  drops	  to	  between	  5-­‐15	  W/(K-­‐m)	   for	   typical	   experimental	   grain	   sizes	   from	   3nm	   to	   30nm	   at	   room	  temperature.	  A	  second	  conclusion	  of	   this	  study	  shows	  that	  when	  grains	  of	  3nm	  or	  less	  are	  assumed,	  the	  thermal	  conductivity	  is	  generally	  independent	  of	  temperature	  for	  unstrained,	   compressive,	   or	   expansive	   strained	   structures.	  Due	   to	   the	   array	  of	  possible	   strain	   and	   phase	   transitions	   inherent	   in	   grain	   boundaries,	   these	   results	  confirm	  similar	  experimental	  studies	  that	  show	  limited	  temperature	  dependence	  for	  
 κ L regardless	  of	  the	  fabrication	  technique	  used.	  In	  the	  particular	  case	  of	  +3%	  strain	  on	  a	  crystalline	  sample,	  the	  lattice	  thermal	  conductivity	  is	  similar	  to	  that	  of	  samples	  with	  3nm	  grains.	  	  However,	  due	  to	  difficulties	  in	  fabrication	  and	  the	  omnidirectional	  nature	   of	   grains	   in	   most	   experimental	   samples	   of	   this	   material,	   it	   will	   be	   more	  practical	  to	  decrease	  the	  lattice	  thermal	  conductivity	  through	  the	  inclusion	  of	  these	  grains,	  than	  by	  straining	  crystalline	  samples.	  	  	   In	  conjunction	  with	  previous	  studies	  of	  2H	  CuAlO2,	   there	   is	  a	  possibility	   for	  use	   of	   this	   low	   cost	   and	   non-­‐toxic	   transparent	   conducting	   oxide	   (TCO)	   as	   a	   TE	  generator	   for	   both	   high	   and	   room	   temperature	   applications	   by	   fabricating	  polycrystalline	   structures	   with	   nano-­‐scale	   features.	   Although	   the	   electrical	  conductivity	  of	   this	  material	   is	   rather	   low,	   and	   the	  overall	  zT	   efficiencies	  may	  not	  exceed	  state	  of	  the	  art	  TE	  materials,	  the	  $cost/kW-­‐hr	  quite	  possibly	  could.	  
	  
Acknowledgements	  –	  This	  work	  was	  partially	   supported	  by	  NSF	  CAREER	  project	  (CMMI	  1560834)	  
	  
Data	  Availability	  –	  The	  pseudo-­‐potentials	  used	  in	  the	  DFT	  calculations	  can	  be	  found	  at	  http://www.quantum-­‐espresso.org/pseudopotentials.	  
	  
	  
	  
	  
	  
	   13	  
References:	  
	  
[1] G. J. Snyder and E. S. Toberer, “Complex thermoelectric materials,” Nat. Mater., 
vol. 7, no. 2, pp. 105–114, 2008. 
[2] G. D. Mahan, “Introduction to thermoelectrics,” APL Mater., vol. 4, no. 10, 2016. 
[3] H. J. Goldsmid, The Physics of Thermoelectric Energy Conversion. IOP 
Publishing, 2017. 
[4] A. Ziabari, M. Zebarjadi, D. Vashaee, and A. Shakouri, “Nanoscale solid-state 
cooling: A review,” Reports Prog. Phys., vol. 79, no. 9, 2016. 
[5] G. Chen, M. S. Dresselhaus, G. Dresselhaus, J.-P. Fleurial, and T. Caillat, “Recent 
developments in thermoelectric materials,” Int. Mater. Rev., vol. 48, no. 1, pp. 45–
66, 2003. 
[6] J. He and T. M. Tritt, “Advances in thermoelectric materials research: Looking 
back and moving forward,” Science (80-. )., vol. 357, no. 6358, p. eaak9997, 2017. 
[7] B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, 
D. Vashaee, X. Chen, J. Liu, M. S. Dresselhaus, G. Chen, and Z. Ren, “High-
Thermoelectric Performance of Nanostructured Bismuth Antimony Telluride Bulk 
Alloys,” Science, vol. 320, no. 5876, pp. 634–638, 2008. 
[8] G. Joshi, H. Lee, Y. Lan, X. Wang, G. Zhu, D. Wang, R. W. Gould, D. C. Cuff, M. 
Y. Tang, M. S. Dresselhaus, G. Chen, and Z. Ren, “Enhanced thermoelectric 
figure-of-merit in nanostructured p-type silicon germanium bulk alloys,” Nano 
Lett., vol. 8, no. 12, pp. 4670–4674, 2008. 
[9] X. W. Wang, H. Lee, Y. C. Lan, G. H. Zhu, G. Joshi, D. Z. Wang, J. Yang,  a. J. 
Muto, M. Y. Tang, J. Klatsky, S. Song, M. S. Dresselhaus, G. Chen, and Z. F. Ren, 
“Enhanced thermoelectric figure of merit in nanostructured n-type silicon 
germanium bulk alloy,” Appl. Phys. Lett., vol. 93, no. 19, p. 193121, 2008. 
[10] W. Kim, J. Zide, A. Gossard, D. Klenov, S. Stemmer, A. Shakouri, and A. 
Majumdar, “Thermal conductivity reduction and thermoelectric figure of merit 
increase by embedding nanoparticles in crystalline semiconductors,” Phys. Rev. 
Lett., vol. 96, no. 4, pp. 1–4, 2006. 
[11] A. J. Minnich, M. S. Dresselhaus, Z. F. Ren, and G. Chen, “Bulk nanostructured 
thermoelectric materials: current research and future prospects,” Energy Environ. 
Sci., vol. 2, no. 5, p. 466, 2009. 
[12] K. Biswas, J. He, I. D. Blum, C. I. Wu, T. P. Hogan, D. N. Seidman, V. P. Dravid, 
and M. G. Kanatzidis, “High-performance bulk thermoelectrics with all-scale 
hierarchical architectures,” Nature, vol. 489, no. 7416, pp. 414–418, 2012. 
[13] C. J. Vineis, A. Shakouri, A. Majumdar, and M. G. Kanatzidis, “Nanostructured 
Thermoelectrics: Big Efficiency Gains from Small Features,” Adv. Mater., vol. 22, 
no. 36, pp. 3970–3980, Sep. 2010. 
[14] R. W. McKinney, P. Gorai, V. Stevanović, and E. S. Toberer, “Search for new 
thermoelectric materials with low Lorenz number,” J. Mater. Chem. A, vol. 5, no. 
33, pp. 17302–17311, 2017. 
[15] G. Tan, S. Hao, J. Zhao, C. Wolverton, and M. G. Kanatzidis, “High 
Thermoelectric Performance in Electron-Doped AgBi3S5 with Ultralow Thermal 
Conductivity,” J. Am. Chem. Soc., vol. 139, no. 18, pp. 6467–6473, May 2017. 
[16] B. R. Ortiz, P. Gorai, L. Krishna, R. Mow, A. Lopez, R. McKinney, V. 
	   14	  
Stevanović, and E. S. Toberer, “Potential for high thermoelectric performance in 
n-type Zintl compounds: a case study of Ba doped KAlSb4,” J. Mater. Chem. A, 
vol. 5, no. 8, pp. 4036–4046, 2017. 
[17] C. Fu, S. Bai, Y. Liu, Y. Tang, L. Chen, X. Zhao, and T. Zhu, “Realizing high 
figure of merit in heavy-band p-type half-Heusler thermoelectric materials,” Nat. 
Commun., vol. 6, no. 1, p. 8144, 2015. 
[18] Q. H. Zhang, X. Y. Huang, S. Q. Bai, X. Shi, C. Uher, and L. D. Chen, 
“Thermoelectric Devices for Power Generation: Recent Progress and Future 
Challenges,” Adv. Eng. Mater., vol. 18, no. 2, pp. 194–213, Feb. 2016. 
[19] E. Witkoske, D. Guzman, Y. Feng, A. Strachan, M. Lundstrom, and N. Lu, “The 
use of strain to tailor electronic thermoelectric transport properties  : A first 
principles study of 2H-phase CuAlO2,” J. Appl. Phys., vol. 125, no. 082531, 2019. 
[20] H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi, and H. Hosono, “P-
type electrical conduction in transparent thin films of CuAlO2,” Nature, vol. 389, 
no. 6654, pp. 939–942, 1997. 
[21] K. Koumoto, H. Koduka, and W.-S. Seo, “Thermoelectric properties of single 
crystal CuAlO2 with a layered structure,” J. Mater. Chem., vol. 11, pp. 251–252, 
2001. 
[22] A. N. Banerjee, R. Maity, P. K. Ghosh, and K. K. Chattopadhyay, “Thermoelectric 
properties and electrical characteristics of sputter-deposited p-CuAlO2thin films,” 
Thin Solid Films, vol. 474, no. 1–2, pp. 261–266, 2005. 
[23] D. J. Singh, “Band structure and thermopower of doped YCuO2,” Phys. Rev. B - 
Condens. Matter Mater. Phys., vol. 77, no. 20, pp. 1–5, 2008. 
[24] J. Robertson, P. W. Peacock, M. D. Towler, and R. Needs, “Electronic structure of 
p-type conducting transparent oxides,” Thin Solid Films, vol. 411, no. 1, pp. 96–
100, 2002. 
[25] Y. Feng, X. Jiang, E. Ghafari, B. Kucukgok, C. Zhang, I. Ferguson, and N. Lu, 
“Metal oxides for thermoelectric power generation and beyond,” Adv. Compos. 
Hybrid Mater., pp. 114–126, 2017. 
[26] R. Robert, S. Romer, A. Reller, and A. Weidenkaff, “Nanostructured complex 
cobalt oxides as potential materials for solar thermoelectric power generators,” 
Adv. Eng. Mater., vol. 7, no. 5, pp. 303–308, 2005. 
[27] S. Yanagiya, N. V. Nong, M. Sonne, and N. Pryds, “Thermoelectric properties of 
SnO2-based ceramics doped with Nd, Hf or Bi,” in AIP Conference Proceedings, 
2012. 
[28] J. Lan, Y. H. Lin, Y. Liu, S. Xu, and C. W. Nan, “High thermoelectric 
performance of nanostructured in2O3-based ceramics,” in Journal of the American 
Ceramic Society, 2012. 
[29] M. Lee, L. Viciu, L. Li, Y. Wang, M. L. Foo, S. Watauchi, R. A. Pascal Jr, R. J. 
Cava, and N. P. Ong, “Large enhancement of the thermopower in NaxCoO2 at 
high Na doping,” Nat. Mater., 2006. 
[30] H. Ohta, K. Sugiura, and K. Koumoto, “Recent progress in oxide thermoelectric 
materials: P-type Ca 3Co4O9 and n-Type SrTiO3-,” Inorganic Chemistry. 2008. 
[31] Y. L. Pei, H. Wu, D. Wu, F. Zheng, and J. He, “High thermoelectric performance 
realized in a bicuseo system by improving carrier mobility through 3D modulation 
doping,” J. Am. Chem. Soc., vol. 136, no. 39, pp. 13902–13908, 2014. 
	   15	  
[32] R. Funahashi, A. Kosuga, N. Miyasou, E. Takeuchi, S. Urata, K. Lee, H. Ohta, and 
K. Koumoto, “Thermoelectric properties of CaMnO3 system,” in International 
Conference on Thermoelectrics, ICT, Proceedings, 2007. 
[33] K. Koumoto, Y. Wang, R. Zhang, A. Kosuga, and R. Funahashi, “Oxide 
Thermoelectric Materials: A Nanostructuring Approach,” Annu. Rev. Mater. Res., 
vol. 40, no. 1, pp. 363–394, 2010. 
[34] B. Kucukgok, B. Hussain, C. Zhou, I. T. Ferguson, and N. Lu, “Thermoelectric 
Properties of ZnO Thin Films Grown by Metal-Organic Chemical Vapor 
Deposition,” MRS Proc., 2015. 
[35] V. Jayalakshmi, R. Murugan, and B. Palanivel, “Electronic and structural 
properties of CuMO2 (M = Al, Ga, In),” J. Alloys Compd., vol. 388, no. 1, pp. 19–
22, 2005. 
[36] P. Poopanya, “First-principles study of electronic structures and thermoelectric 
properties of 2H–CuAlO2,” Phys. Lett. A, vol. 379, no. 9, pp. 853–856, 2015. 
[37] Q.-J. Liu, Z.-T. Liu, Q.-Q. Gao, L.-P. Feng, H. Tian, F. Yan, and W. Zeng, 
“Density functional theory study of 3R– and 2H–CuAlO2 in tensile stress,” Phys. 
Lett. A, vol. 375, no. 14, pp. 1608–1611, 2011. 
[38] W. Liu, Z. Ren, and G. Chen, “Nanostructured Thermoelectric Materials BT  - 
Thermoelectric Nanomaterials: Materials Design and Applications,” K. Koumoto 
and T. Mori, Eds. Berlin, Heidelberg: Springer Berlin Heidelberg, 2013, pp. 255–
285. 
[39] Q. Hao, D. Xu, N. Lu, and H. Zhao, “High-throughput ZT predictions of 
nanoporous bulk materials as next-generation thermoelectric materials: A material 
genome approach,” Phys. Rev. B, vol. 93, no. 20, pp. 1–11, 2016. 
[40] T. Tong, D. Fu,  a. X. Levander, W. J. Schaff, B. N. Pantha, N. Lu, B. Liu, L. 
Ferguson, R. Zhang, J. T. Lin, H. X. Jiang, J. Wu, and D. G. Cahill, “Suppression 
of thermal conductivity in In x Ga 1-x N alloys by nanometer-scale disorder,” 
Appl. Phys. Lett., vol. 102, no. 2013, p. 121906, 2013. 
[41] Z.-G. Chen, G. Han, L. Yang, L. Cheng, and J. Zou, “Nanostructured 
thermoelectric materials: Current research and future challenge,” Prog. Nat. Sci. 
Mater. Int., vol. 22, no. 6, pp. 535–549, 2012. 
[42] Y. Feng, A. Elquist, Y. Zhang, K. Gao, I. Ferguson, A. Tzempelikos, and N. Lu, 
“Temperature dependent thermoelectric properties of cuprous delafossite oxides,” 
Compos. Part B Eng., vol. 156, pp. 108–112, 2019. 
[43] O. J. Durá, R. Boada, A. Rivera-Calzada, C. León, E. Bauer, M. A. L. De La 
Torre, and J. Chaboy, “Transport, electronic, and structural properties of 
nanocrystalline CuAlO2delafossites,” Phys. Rev. B - Condens. Matter Mater. 
Phys., vol. 83, no. 4, pp. 1–10, 2011. 
[44] L. Lindsay, “Isotope scattering and phonon thermal conductivity in light atom 
compounds: LiH and LiF,” Phys. Rev. B, vol. 94, no. 17, p. 174304, Nov. 2016. 
[45] D. J. Aston, D. J. Payne, A. J. H. Green, R. G. Egdell, D. S. L. Law, J. Guo, P. A. 
Glans, T. Learmonth, and K. E. Smith, “High-resolution x-ray spectroscopic study 
of the electronic structure of the prototypical p-type transparent conducting oxide 
CuAlO2,” Phys. Rev. B, vol. 72, no. 19, p. 195115, 2005. 
[46] G. P. Srivastava and V. Kresin, “The Physics of Phonons,” Phys. Today, vol. 44, 
no. 12, pp. 75–76, Dec. 1991. 
	   16	  
[47] T. Feng, L. Lindsay, and X. Ruan, “Four-phonon scattering significantly reduces 
intrinsic thermal conductivity of solids,” Phys. Rev. B, vol. 96, no. 16, 2017. 
[48] T. Feng and X. Ruan, “Four-phonon scattering reduces intrinsic thermal 
conductivity of graphene and the contributions from flexural phonons,” Phys. Rev. 
B, vol. 97, no. 4, p. 45202, Jan. 2018. 
[49] T. Feng and X. Ruan, “Quantum mechanical prediction of four-phonon scattering 
rates and reduced thermal conductivity of solids,” Phys. Rev. B, vol. 93, no. 4, p. 
45202, Jan. 2016. 
[50] A. Ward, D. A. Broido, D. A. Stewart, and G. Deinzer, “Ab initio theory of the 
lattice thermal conductivity in diamond,” Phys. Rev. B, vol. 80, no. 12, p. 125203, 
Sep. 2009. 
[51] J. M. Ziman, “Electrons and phonons: the theory of transport phenomena in 
solids,” Endeavour. 1960. 
[52] P. Giannozzi et al., “QUANTUM ESPRESSO: A modular and open-source 
software project for quantum simulations of materials,” J. Phys. Condens. Matter, 
vol. 21, no. 39, 2009. 
[53] G. Fugallo, M. Lazzeri, L. Paulatto, and F. Mauri, “Ab initio variational approach 
for evaluating lattice thermal conductivity,” Phys. Rev. B, vol. 88, no. 4, p. 45430, 
Jul. 2013. 
[54] L. Paulatto, F. Mauri, and M. Lazzeri, “Anharmonic properties from a generalized 
third-order ab initio approach: Theory and applications to graphite and graphene,” 
Phys. Rev. B, vol. 87, no. 21, p. 214303, Jun. 2013. 
[55] T. Feng, B. Qiu, and X. Ruan, “Coupling between phonon-phonon and phonon-
impurity scattering: A critical revisit of the spectral Matthiessen’s rule,” Phys. Rev. 
B, vol. 92, no. 23, p. 235206, Dec. 2015. 
[56] M. T. Dylla, J. J. Kuo, I. Witting, and G. J. Snyder, “Grain Boundary Engineering 
Nanostructured SrTiO3 for Thermoelectric Applications,” Adv. Mater. Interfaces, 
vol. 6, no. 15, p. 1900222, Aug. 2019. 
[57] T. Hori, J. Shiomi, and C. Dames, “Effective phonon mean free path in 
polycrystalline nanostructures,” Appl. Phys. Lett., vol. 106, no. 17, p. 171901, Apr. 
2015. 
[58] M. Omini and A. Sparavigna, “Role of grain boundaries as phonon diffraction 
gratings in the theory of thermal conductivity,” Phys. Rev. B, vol. 61, no. 10, pp. 
6677–6688, Mar. 2000. 
[59] R. Berman, E. L. Foster, J. M. Ziman, and F. E. Simon, “The thermal conductivity 
of dielectric crystals: the effect of isotopes,” Proc. R. Soc. London. Ser. A. Math. 
Phys. Sci., vol. 237, no. 1210, pp. 344–354, Nov. 1956. 
[60] H. B. G. Casimir, “Note on the conduction of heat in crystals,” Physica, vol. 5, no. 
6, pp. 495–500, 1938. 
[61] H.-S. Kim, S. D. Kang, Y. Tang, R. Hanus, and G. Jeffrey Snyder, “Dislocation 
strain as the mechanism of phonon scattering at grain boundaries,” Mater. 
Horizons, vol. 3, no. 3, pp. 234–240, 2016. 
[62] Z. Wang, J. E. Alaniz, W. Jang, J. E. Garay, and C. Dames, “Thermal Conductivity 
of Nanocrystalline Silicon: Importance of Grain Size and Frequency-Dependent 
Mean Free Paths,” Nano Lett., vol. 11, no. 6, pp. 2206–2213, Jun. 2011. 
[63] J. P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient approximation 
	   17	  
made simple,” Phys. Rev. Lett., 1996. 
[64] P. Scherpelz, M. Govoni, I. Hamada, and G. Galli, “Implementation and 
Validation of Fully Relativistic GW Calculations: Spin–Orbit Coupling in 
Molecules, Nanocrystals, and Solids,” J. Chem. Theory Comput., vol. 12, no. 8, pp. 
3523–3544, Aug. 2016. 
[65] A. J. Cohen, P. Mori-Sánchez, and W. Yang, “Challenges for Density Functional 
Theory,” Chem. Rev., vol. 112, no. 1, pp. 289–320, Jan. 2012. 
[66] J. Callaway, “Model for lattice Thermal Conductivity at Low Temperatures,” 
Phys. Rev., vol. 113, no. 4, pp. 1046–1051, 1959. 
[67] B. Abeles, “Lattice thermal conductivity of disordered semiconductor alloys at 
high temperatures,” Phys. Rev., 1963. 
[68] Z. Tong, S. Li, X. Ruan, and H. Bao, “Comprehensive first-principles analysis of 
phonon thermal conductivity and electron-phonon coupling in different metals,” 
Phys. Rev. B, vol. 100, no. 14, p. 144306, Oct. 2019. 
[69] Z. Tong and H. Bao, “Decompose the electron and phonon thermal transport of 
intermetallic compounds NiAl and Ni3Al by first-principles calculations,” Int. J. 
Heat Mass Transf., vol. 117, pp. 972–977, 2018. 
[70] A. Sparavigna, “Influence of isotope scattering on the thermal conductivity of 
diamond,” Phys. Rev. B, vol. 65, no. 6, p. 64305, Jan. 2002. 
[71] A. Buljan, P. Alemany, and E. Ruiz, “Electronic Structure and Bonding in CuMO2 
(M = Al, Ga, Y) Delafossite-Type Oxides: An Ab Initio Study,” J. Phys. Chem. B, 
vol. 103, no. 38, pp. 8060–8066, 1999. 
[72] L. Braginsky, N. Lukzen, V. Shklover, and H. Hofmann, “High-temperature 
phonon thermal conductivity of nanostructures,” Phys. Rev. B, vol. 66, no. 13, p. 
134203, Oct. 2002. 
[73] J. Pellicer-Porres, A. Segura, C. Ferrer-Roca, A. Polian, P. Munsch, and D. Kim, 
“XRD and XAS structural study of CuAlO2under high pressure,” J. Phys. 
Condens. Matter, vol. 25, no. 11, 2013. 
[74] P. Rodríguez-Hernández, A. Muñoz, J. Pellicer-Porres, D. Martínez-García, A. 
Segura, N. Garro, J. C. Chervin, and D. Kim, “Lattice dynamics of CuAlO2under 
high pressure from ab initio calculations,” Phys. Status Solidi Basic Res., vol. 244, 
no. 1, pp. 342–346, 2007. 
[75] J. A. Seijas-Bellido, R. Rurali, J. Íñiguez, L. Colombo, and C. Melis, “Strain 
engineering of ZnO thermal conductivity,” Phys. Rev. Mater., vol. 3, no. 6, p. 
65401, Jun. 2019. 	  
